The RNA-binding protein Hermes [RNA-binding protein with multiple splicing (RBPMS)] is expressed exclusively in retinal ganglion cells (RGCs) in the CNS, but its function in these cells is not known. Here we show that Hermes protein translocates in granules from RGC bodies down the growing axons. Hermes loss of function in both Xenopus laevis and zebrafish embryos leads to a significant reduction in retinal axon arbor complexity in the optic tectum, and expression of a dominant acting mutant Hermes protein, defective in RNA-granule localization, causes similar defects in arborization. Time-lapse analysis of branch dynamics reveals that the decrease in arbor complexity is caused by a reduction in new branches rather than a decrease in branch stability. Surprisingly, Hermes depletion also leads to enhanced early visual behavior and an increase in the density of presynaptic puncta, suggesting that reduced arborization is accompanied by increased synaptogenesis to maintain synapse number.
Introduction
Correct axon guidance and target recognition during development is crucial for establishing the accurate patterning of neuronal circuits in the brain. To navigate correctly to their target areas, axons must respond rapidly to guidance cues in their environment. Accumulating evidence suggests that the response to many of these guidance cues involves local protein synthesis in the axon and growth cone itself (Campbell and Holt, 2001; Hengst and Jaffrey, 2007; Lin and Holt, 2007; Jung et al., 2012) . Genomewide analyses have shown that hundreds of different mRNAs reside in growing axons and growth cones (Zivraj et al., 2010 , Gumy et al., 2011 . Moreover, the mRNA repertoire differs in navigating versus target-arrived axons (Zivraj et al., 2010) , suggesting that a temporal and spatial regulation of mRNA is important for correct circuit formation.
RNA-binding proteins (RBPs) are central players in mRNA processing, regulating the trafficking, cellular location and translation of their target mRNAs (Lunde et al., 2007) . Many neuronal RBPs are expressed in a region-specific manner (McKee et al., 2005) and some RBPs, such as Vg1RBP (ZBP1), have been shown to play a functional role in the response to guidance cues in both axons (Leung et al., 2006; Yao et al., 2006; Welshhans and Bassell, 2011) and dendrites (Perycz et al., 2011) .
The Hermes RBPs (RBPMS and RBPMS2) are homologues of a highly conserved protein with one RNA recognition motif (RRM) domain in the C-terminal region. Hermes RBPs form messenger ribonucleoprotein (mRNP) complexes within the vegetal cortex in Xenopus and zebrafish oocytes (Zearfoss et al., 2004; Kosaka et al., 2007) , and both the RRM domain and the C-terminal portion of Hermes are required for binding of poly(A)ϩ RNA in Xenopus (Gerber et al., 2002) . A remarkable property of Hermes is its cell-specific expression pattern in the vertebrate CNS: it is expressed exclusively in the retinal ganglion cells (RGCs) of the eye in Xenopus, mouse, and rat (www.genepaint.org; Gerber et al., 1999; Piri et al., 2006; Kwong et al., 2010) , suggesting that it may have an evolutionarily conserved specific function in these cells.
We investigated this idea in both Xenopus and zebrafish embryos and here show that Hermes protein is present in axons, growth cones, as well as the cell bodies of developing RGCs. Blocking Hermes function leads to a significant reduction of retinal axon arbor complexity in the tectum due to a decrease in arbor formation, rather than a decrease in arbor stability. Surprisingly, we found a corresponding increase in the density of presynaptic puncta and enhanced early visual behavior. This inverse relationship between arbor formation and functional synaptic density is suggestive of a homeostatic control mechanism that regulates the synaptic output of differentiating RGCs.
Materials and Methods
Embryos. Xenopus embryos of either sex were obtained by in vitro fertilization, raised in 0.1ϫ modified Barth's saline at 14 -20°C, and staged according to the tables of Nieuwkoop and Faber (1967) . Zebrafish (Danio rerio) embryos were obtained from wild-type (WT) AB and TL strains, mutant Lakritz strains, and Tg(atoh7:gap43-RFP) (Zolessi et al., 2006) maintained and bred at 26.5°C. Embryos were raised at 28.5°C in embryo medium supplemented with 0.003% phenylthiourea (Sigma) for pigment reduction. All animal work was approved by the local ethical review committee at the University of Cambridge and performed according to the protocols of Project License PPL 80/2198.
DNA constructs and morpholinos. All constructs used in this study were expressed in the pCS2ϩ vector (D. Turner, University of Michigan, Ann Arbor, MI). Xenopus hermes cDNA (GenBank GeneID AF107889) was kindly provided by M. Kloc (Methodist Hospital Research Institute, Houston, TX) and sublconed in pCS2ϩ with an N-terminal myc-or GFP-tag. Myc-and GFP-tagged RRM plasmids were then constructed by deleting bp 651-908 of the full-length hermes cDNA. Membrane GFP and RFP has been described previously (Das et al., 2003; Poggi et al., 2005) . The Atoh7: Synaptophysin-RFP vector was kindly provided by L. Lagnado (University of Cambridge, Cambridge, UK). Antisense morpholinos (MOs) were obtained from Gene Tools. Xenopus hermes and control MOs were conjugated to FITC and were designed as described previously by Zearfoss et al., (2004) . The Xenopus hermes_1 MO sequence was GCCCACCGAGGAGTCTG-GCTTGTAC, and the Xenopus hermes_2-MO was ATGAGCGGCAT-CAAGTCAGACACGG. Zebrafish MO sequences were designed to target the start codons of hermes1a (rbpms2b, Danio rerio GenBank GeneID 393229; CTTGACACTCATCTTGTGCGTAAAC) and hermes 1b (rbpms2a, Danio rerio GenBank GeneID 436682; TTCAGACTCATTGTGTAACTT-TAAC).
Plasmid and morpholino injection into zebrafish embryos. Sixteen nanograms of control MO (CoMO) or a mix of 8 ng each of hermes1a and hermes1b MOs (HeMO) were injected into the yolk of zebrafish embryos at the one-to two-cell stage. For visualization of single axons and synaptic puncta, embryos at the one cell stage were either injected with 5-10 pg of an atoh7:gapEGFP construct or coinjected with 5-10 pg atoh7:Synaptophysin-RPF and atoh7:gapEGFP.
Xenopus embryo injection, electroporation, and lipofection. Embryos were injected as described previously (Vignali et al., 2000) . Injections were performed at the eight-cell stage in both dorsal-animal blastomeres. HeMOs were injected at 2.5 ng each and CoMOs at 5 ng. Capped mRNAs were synthesized from linearized plasmids using mMESSAGE mMACHINE kit (Ambion), and 0.5 ng of myc-RRM mRNA or control myc mRNA was injected. RGC precursor cells were lipofected by pressure injecting the eye primordia of Stage 19 embryos with a mixture of mCherry cDNA (1 g/l) and lipofection reagent 1,2-bis-(oleoyloxy)-3-(trimethylammonium) propane (DOTAP; Boehringer) at 1:3 (w/v) (Holt et al., 1990; Lilienbaum et al., 1995) . Embryos were electroporated as described previously (Falk et al., 2007) . To target a large number of RGCs, 5 nl of 1 g/l GFP-RRM, GAP-GFP, mCherry, or RFP cDNA was injected into Stage 28 retinal primordium, followed by seven electric pulses (50 ms long) delivered at 18 V. For scatter labeling, 5 nl of 0.1-1.0 g/l DNA in water was injected into a Stage 28 retinal primordium, followed by a single electric pulse (25 ms long) delivered at 16 V. Because cDNA constructs are expressed within 6 h of transfection (Holt et al., 1990) , constructs electroporated into Stage 28 retinal primordia were expressed in axons pathfinding to the tectum (see Fig. 2D ).
Retinal explant cultures. Whole retinas from Stage 35/36 embryos were placed on glass coverslips (Bellco) coated with poly-L-lysine (10 m ml Ϫ1 ) and laminin (10 m ml Ϫ1 ) and cultured for 24 h at 20°C in 60% L15 minimal medium (Invitrogen).
In situ hybridization. Embryos were fixed in 4% paraformaldehyde/ PBS overnight. Whole-mount and section in situ hybridization (ISH) was performed as described by Concordet et al. (1996) and Mann et al. (2002) . hermes probe sequences were complementary to the full length of the respective open reading frames.
Immunohistochemistry. For immunostaining, embryos were fixed in 4% paraformaldehyde/PBS overnight, washed extensively with PBS, permeabilized with 0.1% Triton X-100 and prepared for cryotome sectioning or whole-mount staining . Detection of Hermes protein expression was performed in zebrafish and Xenopus with a Hermes antibody (Eurogentec) raised in rabbit against the Hermes peptide AHFIARDPYDLTGAA (a gift from L. Etkin). The affinity-purified Hermes antibody was used at a dilution of 1:4000 on cryotome sections (10 m) and visualized using Alexa Fluor 488-or 594-coupled secondary donkey anti-rabbit antibody (1:400; Invitrogen). Other primary antibodies were used as follows: zn5, 1:500 (Zebrafish International Resource Center); anti-acytelated tubulin, 1:500 (Sigma); anti-prox1, 1:200 (Millipore); anti-sox2, 1:200 (Millipore); anti-islet1, 1:50 (Developmental Studies Hybridoma Bank); and anti-activated-caspase-3, 1:500 (BD Pharmingen). Secondary antibodies were Cy3-coupled secondary goat anti-mouse antibody (1:400); Alexa Fluor 647 donkey anti-mouse antibody (1:400); and Alexa Flour 488, 594, and 647 donkey anti-rabbit (1:1000; Invitrogen). Twenty-four hour cultures of Stage 35/36 retinal explants positive for myc-RRM were immunostained as described previously Drinjakovic et al., 2010) using mouse anti-Myc clone 9E10 antibody (Developmental Studies Hybridoma Bank) at a 1:2000 dilution.
Western blot analysis. Stage 32, 35/36, and 40 embryos' eyes were lysed in RIPA buffer (Sigma), resolved by 10% SDS-PAGE, transferred to a nitrocellulose membrane (Bio-Rad), and subjected to Western blot analyses using a rabbit anti-Hermes peptide antibody (1:500) followed by an HRP-conjugated secondary antibody (Zymed) incubation and ECLbased detection (GE Healthcare).
Confocal imaging. For confocal imaging of Xenopus embryos, a Leica SP2 confocal microscope was used with either a 20ϫ (0.45 NA) or a 63ϫ (1.2 NA) water-immersion objective. Retinal arbors were reconstructed from 3D stacks of 1-m-thick (for 20ϫ) or 0.4-m-thick (for 63ϫ) images, with each image representing the average of three scans, using Leica Confocal Software. For imaging zebrafish embryos, a PerkinElmer Spinning Disk UltraVIEW ERS, Olympus IX81 inverted microscope, and 60ϫ (1.2 NA) water-immersion objective were used. For time-lapse imaging, a motorized XY stage (H117; Prior) was used to image multiple embryos at the same time. Embryos were anesthetized in 0.4 mg/ml tricaine (Sigma) at appropriate stages aligned in custom-made observation dishes by embedding in 1% low-melting-point agarose in embryo medium. Confocal stacks had a spacing of 1 m. Stacks were analyzed using the Volocity (Improvision) software package.
Analysis of RGC arbors. For analysis of axon arbor morphology in Xenopus, 3D projections of single axon arbors acquired at 63 or 40ϫ were manually traced along the z-axis using OpenLab (Improvision). Zebrafish branch morphology was analyzed using Volocity (Improvision). As zebrafish arbors are mostly planar, we could perform arbor analysis on maximum-intensity projections of flattened images. The first branch point was used to set the boundary of the arbor. Processes smaller than Ͻ5 m in length and/or 0.6 m in diameter were considered to be filopodia and excluded from the branching analysis. The arbor complexity index (ACI) was calculated according to Marshak et al., (2007) (see Fig. 2I ). Total arbor length was measured by adding together the length of all branches of each arbor using the line tool in Volocity. For data presented in Figure 6 , the confocal z-slice of each image was first cropped tightly around the axon using Volocity to remove signals not associated with that axon, followed by flattening into a maximum z-projection using Volocity. Total arbor area was measured by connecting the tips of all branches of each arbor using the freehand tool in Volocity. To measure axon length in the contralateral optic pathway, the distance from the optic chiasm to the distal tip of the labeled RGC axon projection was normalized to the distance from the optic chiasm to the posterior boundary of the dorsal tectum. Brain size was determined by normalizing the relative distance of the optic chiasm to the anterior versus the posterior border of the tectum. Presynaptic synaptophysin-RFP (syn-RFP) puncta per arbor were manually counted on maximum-intensity projections of unmanipulated flattened images. A punctum was defined as a local accumulation of syn-RFP larger than 0.5 m in diameter. All statistical analysis was performed using Prism (GraphPad) software.
Analysis of visual behavior. The optomotor response (OMR) assay was developed based on an assay described previously (Neuhauss et al., 1999) . The test chamber was a 35 ϫ 20 cm glass dish with rounded edges, filled with E3 embryo medium. The dish was placed on a waterproof flat-screen thin-film-transistor (TFT) display (Protouch). The stimulus patterns were displayed with a Webkit browser (Apple Safari) on the TFT screen. The stimulus projections were developed with Synchronized Multimedia Integration Language animated scalable vector graphics, a free and open standard defined by the World Wide Web Consortium (http://www.w3.org/Graphics/SVG/). Between 30 and 100 zebrafish larvae were placed in the chamber, where they were allowed to dark adapt on a black background in a dark room for 5 min. Each trial consisted of a 30 s display of a motion pattern consisting of repeated black and white vertical bars with a width of 1.6 cm and velocity of 64 mm/s. After the trial, a white screen was displayed to record the embryo distribution with a digital camera. The next trial started by reversing the motion pattern. Each experimental data point is the average of three trials. For data analysis, each embryo in the target zone (defined as 20% of the test bowl at the end of the stimuli) was counted as a positive response and expressed as a percentage of the total number of fish in the trial. served role of Hermes, we therefore characterized Hermes expression and function in two evolutionary diverged vertebrate species, Xenopus laevis and zebrafish. The genome of Xenopus laevis, like humans, contains both paralogs of the Hermes genes (rbpms and rbpms2). The coding regions of the xHermes genes are 94% identical, and are therefore considered to encode functionally redundant proteins (Zearfoss et al., 2004) . Zebrafish have just one Hermes gene (rbpms2) but in two versions, hermes1a and hermes1b. Nucleotide alignment shows a 98% similarity, and the genes have identical expression patterns in the developing retina, suggesting that they also act redundantly. We hereafter refer to both proteins jointly as Hermes. To detect Hermes protein, we used an antibody raised against a conserved peptide in the Xenopus and zebrafish Hermes proteins (Zearfoss et al., 2004) . This antibody detected two distinct bands on Western blots of Xenopus eye protein lysates (Fig. 1A) , the lower band at ϳ25 kDa corresponding to the monomeric Hermes protein with a calculated molecular weight of 22 kDa. The upper band at ϳ50 kDa may indicate the presence of Hermes dimers, as reported by Gerber et al. (1999) .
Results

Hermes is expressed in differentiating retinal ganglion cells and their axons
To gain insight into where Hermes might act in RGCs, we characterized its expression at both the RNA and protein levels during eye development in Xenopus and zebrafish (Fig. 1) . ISH on Xenopus retinal sections revealed that hermes mRNA first appears in the RGC layer in the central retina at Stage 32, shortly after the onset of RGC differentiation (Fig. 1B) . Further differentiation of the neural retina is accompanied by an increasingly stronger ISH signal in RGCs, extending from central to peripheral retina (Fig.  1BЈ,BЉ) .
The retinotectal map first forms at Stages 37/38 -40 and, before this (Stages 32-37/38), RGC axons are navigating through the optic pathway (Grant and Rubin, 1980; Holt and Harris, 1983) . Hermes protein is weakly detectable in eye lysates at Stage 35/36 (Nieuwkoop and Faber, 1967) , but is much stronger at Stage 40, soon after RGC axons have entered the optic tectum (Fig. 1B) . Immunostaining of Xenopus retina shows that Hermes protein is first detected at Stage 35/36 (Fig. 1C,CЈ) , in agreement with the Western blot data (Fig. 1A) , indicating that protein expression begins shortly after (ϳ3 h) the onset of mRNA transcription at Stage 32 (Fig. 1B) . The intensity of Hermes immunoreactivity increases progressively with age, with stronger expression during the later stages of RGC development (Stage 40; Fig. 1C-CЉ) , when RGC axons have begun to arborize and form synaptic connections in the tectum.
Immunostaining of cross-sections of Stage 37/38 Xenopus embryos revealed a positive signal in the optic nerve head (ONH) and in the region of the optic tract (OT; Fig. 1 D, DЈ) , suggesting (Fig. 1E) , reminiscent of RNP particles (Kiebler and Bassell, 2006) . The signal localized to both the central and peripheral domains of growth cones and often extended into filopodia (Fig. 1E) . These data indicate that Hermes, potentially along with its target mRNA cargo, is trafficked to the tips of retinal axons.
In zebrafish, hermes expression in the retina also follows the differentiation of RGCs from an early stage [32 h postfertilization (hpf); Fig. 1 F, FЈ] . A developmental ISH series of both hermes1a and 1b performed on whole-mount eyes shows that hermes expression starts in a ventronasal patch of the retina and expands during the subsequent 24 h in a wavelike pattern across the retina, similar to the onset and differentiation pattern of RGC progenitors during the same time period (Fig.  1F-HЈ) (Hu and Easter, 1999; Neumann and NuessleinVolhard, 2000) . Immunocytochemistry shows that Hermes protein expression follows the exit of RGCs from the cell cycle with a delay of only a few hours in zebrafish (Fig. 1I-KЈ) , as in Xenopus.
Since the onset of hermes mRNA expression occurs early during RGC differentiation, we tested whether hermes expression is dependent on RGC differentiation. In the zebrafish lakritz/atoh7 mutant, RGCs fail to differentiate (Kay et al., 2001) , and in the mouse, hermes expression is downregulated in atoh7 knock-outs (Mu et al., 2005) . We found a complete loss of Hermes protein in lakritz fish (Fig. 1L-LЉ) , consistent with RGC-specific expression.
Hermes RNA binding domain interferes with axonal branching
To investigate whether Hermes plays a role in RGC axon development, we first disrupted Hermes function in Xenopus by expressing a myc-tagged C-terminal truncated Hermes construct lacking amino acids 111-189, but still containing the N-terminal RNA binding RRM domain (Fig. 2A) . Since the RRM domain binds to mRNA, this truncated Hermes protein (RRM) is predicted to act as a dominant negative, as it should still bind target mRNA(s) but lack other essential functions such as transport and localization. Consistent with this, the RRM-myc deletion mutant shows an altered pattern of subcellular distribution (Fig. 2B-CЈ) . While the myc-tagged WT Hermes exhibits a punctate granular distribution in the axon and growth cone (Fig. 2BЈ) , the myc-tagged RRM domain is not punctate, but dispersed throughout the cytosol of the axon and growth cone (Fig. 2CЈ) .
To assess whether the expression of RRM caused an axonal phenotype in vivo, we electroporated an eGFP-tagged RRM (eGFP-RRM) construct into the eye primordium of Stage 26 embryos (Falk et al., 2007) and subsequently analyzed the optic projection at Stage 43, when the axons have reached the tectum and started to branch. The trajectory of axons along the pathway (optic tract) to the tectum was normal (Fig. 2 D, DЈ) , indicating that the long-range guidance of RGC axons to the tectum was unaffected. Nor was there any delay in axonal growth, as the length of RRM-expressing axons did not differ from controls at Stage 37/38 (control, 70.7 Ϯ 0.9%; RRM, 70.2 Ϯ 1.3%; p Ͼ 0.05, MannWhitney test; Fig. 2DЉ ). Similar results were obtained with a C-terminal GFP-tagged RRM construct, showing that the position of the GFP-tag does not affect the result.
RRM-expressing retinal axon terminals in the tectum (Stage 43) show a severe reduction in arbor complexity (Fig. 2E-FЈ) . Quantification revealed that the number of branches per axon was reduced from 29 (Ϯ4) in control GFP-expressing axons to 8 (Ϯ2) in eGFP-RRM axons ( p Ͻ 0.0001, Mann-Whitney test; Fig. 2G ). The proportional reduction in branch number is most pronounced in branches of higher order, with tertiary branches only making up 8.8% of the total amount of branches in RRM-expressing embryos, compared to 13.8% in control, and quaternary branches being reduced by Ͼ60% (Fig.  2H ) . The complexity of the arbors was measured by calculating the ACI (Fig. 2I ) (Marshak et al., 2007) . The ACI for RRMexpressing embryos confirmed a highly significant reduction in the complexity of axonal arbors compared to control embryos (p Ͻ 0.0001, Mann-Whitney test; Fig. 2J ). The reduced complexity of RRM-expressing axons is particularly striking when dividing the arbors into complex (Ͼ1.4) and simple arbors (Ͻ1.4), showing that 88% of all arbors are simple or unbranched, compared to only 19% in control embryos (Fig. 2K ).
Morpholino knockdown of Hermes inhibits axonal branching
As RRM domains are found in multiple RNA-binding proteins, the above-described approach may not demonstrate a specific role of Hermes in regulating branching. We therefore targeted Hermes for knockdown using translation blocking antisense morpholinos against either Xenopus or zebrafish Hermes genes. Translation MOs were designed against both hermes 1 and 2 for Xenopus (Fig. 3A) and hermes 1a and hermes 1b for zebrafish (Fig. 3B) . In Xenopus, we injected 5 ng of FITC-labeled HeMO (2.5 ng of each) or CoMO at the eight-cell stage and let the embryos develop to Stage 35/36 or Stage 40 (Fig.  3C,D) . Immunostaining of retinal sections in these embryos revealed an almost complete absence of Hermes signal at Stage 40 in HeMO-, but not in CoMOinjected embryos, confirming the efficacy of the HeMO (Fig. 3CЈ,DЈ) . At this concentration, neither HeMO nor CoMO had any adverse effects on early axon outgrowth as assessed by acetylated tubulin staining on eye sections of Stage 40 morpholino-injected embryos (Fig.  3CЉ,DЉ) . Similarly, injection of 16 ng HeMO (8.0 ng each of 1a and 1b) into one-cell zebrafish embryos reduced Hermes staining in the retina (Fig.  3 E, F ) without altering expression of the RGC marker zn5 (Fig. 3EЈ,FЈ) or retina morphology (Fig. 3EЉ,FЉ) . To determine whether neural differentiation was affected, we investigated the expression of several retinal cell differentiation markers for aberrant expression in zebrafish embryos. For prox1 (horizontal cells), islet1 (RGC, horizontal and biopolar cells), and sox2 (amacrine cells), no significant delays or changes in expression pattern could be observed in HeMO versus CoMOinjected retinas (Fig. 3G-IЈ) . Furthermore, staining with an antiactivated caspase-3 antibody indicated no increase in apoptosis in morphant retinas (Fig.  3 J, JЈ) . The dendrites of RGCs laminate in the inner plexiform layer (IPL). To determine whether RGC dendrite formation and lamination was disrupted in Hermesdepleted embryos, we used a transgenic zebrafish line that expressed RFP under the atoh7 promoter (Zolessi et al., 2006) , thereby strongly labeling all RGCs and their dendrites. In 5 d postfertilization (dpf) embryos, we observed no gross abnormalities in outgrowth or lamination pattern of RGC dendrites in the IPL in Hermes-depleted embryos compared to control-injected embryos (Fig. 3 K, KЈ) .
To visualize single RGC axons for arborization analysis in morpholino-injected Xenopus embryos, mCherry or RFP was electroporated at Stage 26 or lipofected at Stage 19 into MOpositive retinas. Embryos were then allowed to develop until Stage 43 for analysis. Both approaches, as in RRM-injected embryos, showed that long-range axon pathfinding was unaffected in HeMO compared to CoMO-injected embryos (Fig. 4A,B) . Moreover, no change in normalized brain size or axon bundle length was observed (Fig. 4C) . Strikingly, we found that axonal branching was significantly compromised upon Hermes knockdown (Fig. 4D-EЈ) . The branch number of Hermes-depleted axons was significantly reduced to 15 (Ϯ1.3) compared to 25 (Ϯ3.3) branches per axon in control embryos ( p Ͻ 0.01, Mann-Whitney test; Fig. 4F ). The reduction in arbor complexity is evident on all branch orders, leading to a proportional reduction of secondary, tertiary, and quaternary branches (Fig. 4G) . Reduction in axonal arbor complexity is also reflected by a significant reduction in the ACI of HeMO-injected embryos (1.33 Ϯ 0.04) compared to control embryos (1.51 Ϯ 0.07; p Ͻ 0.05, Mann-Whitney test; Fig. 4H) , and when comparing the number of complex axon arbors (Ͼ1.4) and simple arbors (Ͻ1.4) in CoMO-and HeMO-injected embryos (Fig. 4I) .
Injection of HeMO in zebrafish embryos did not affect longrange guidance (Fig. 5 A, AЈ ), brain size, or axon length (Fig. 5B) , as in Xenopus. To visualize individual arbors in the tectum, embryos were coinjected with an atoh7:GAPGFP reporter construct (see Materials and Methods) and allowed to develop until 4 dpf. Similar to observations in Xenopus embryos, HeMO-injected embryos showed a significant reduction in axonal branching in the tectum compared to control-injected embryos (Fig. 5C-DЈ) . The number of axonal RGC branches was significantly reduced compared to control embryos (control, 7.35 Ϯ 0.604; HeMO, 4.64 Ϯ 0.477; p Ͻ 0.0001, Mann-Whitney test; Fig. 5E ), and the reduction was significant in arbors of all branch orders (Fig. 5F ). The decrease in axonal branching is also reflected by a reduction of the ACI in Hermes morphants (control, 1.36 Ϯ 0.036; HeMO, 1.21 Ϯ 0.03; p Ͻ 0.01, Mann-Whitney test; Fig. 5G ), and when comparing the percentage of complex and simple arbors (Fig.   Figure 6 . Hermes knockdown alters branch dynamics. A-D؆, GFP-labeled retinal axon arbors of HeMO-or CoMO-injected embryos were imaged every 15 min for 30 min at 3 dpf (A-B؆) and 4 dpf (C-D؆). E-G, HeMO-injected embryos added fewer branches at both 3 and 4 dpf, significantly at 4 dpf (E), with no difference in the percentage of deleted branches (F ). Hermes morphants showed a significant decrease in total arbor length at both 3 and 4 dpf (G) and a decrease in transient filopodia at 3 dpf (H ) compared to control-injected embryos. Error bars represent SEM. *p Ͻ 0.05; **p Ͻ 0.01; Mann-Whitney test. The numbers of axons analyzed is indicated on the bars. Scale bars: 10 m. 5J ). Furthermore, there was a significant reduction of total arbor length (control, 102.9 Ϯ 7.3; HeMO, 81.6 Ϯ 6.2; p Ͻ 0.05, Mann-Whitney test; Fig. 5H ) and total arbor area (control, 709.7 Ϯ 63.7; HeMO, 501.5 Ϯ 56.7; p Ͻ 0.001, Mann-Whitney test, Fig. 5I ) in the Hermes morphants compared to control embryos, which correlates well with the observed reduction in branch number and complexity. Together with the Xenopus data, these results strongly suggest that Hermes plays a consistent and conserved role as a positive regulator of axon arborization in the optic tectum.
Branch formation is reduced in Hermes morphants
Axonal branching is a highly dynamic process, characterized in zebrafish by an early phase of branches rapidly extending and retracting, followed by a later, more stable phase with less dynamic arborization (Stuermer, 1988; Campbell et al., 2007) . To investigate how Hermes depletion affects branch dynamics, we performed time-lapse imaging of GFPlabeled axons at 3 dpf (high branch dynamics) and 4 dpf (low branch dynamics) in zebrafish embryos at 15 min intervals for 30 min. As reported previously (Stuermer, 1988; Campbell et al., 2007) , axons of control-injected embryos display a highly dynamic pattern, with new branches being added and retracted during the 30 min time span at 3 dpf ( Fig.  6A-AЉ) , whereas less dynamic changes are observed at 4 dpf ( Fig. 6C-CЉ) . To investigate whether the reduction in total branch number observed in the Hermes morphants is due to a change in branch dynamics, we analyzed the branches being added and retracted, respectively, during a 30 min period. At both 3 and 4 dpf, Hermes morphants added both a smaller number and a smaller percentage of branches compared to the number or branches at the start time than control embryos, although this trend was significant only at 4 dpf ( Fig. 6A-E) . This reduced rate of branch addition leads to reduced growth in total arbor length at both 3 dpf (control, 114.7 Ϯ 6.3%; HeMO, 97.6 Ϯ 4.3%, p Ͻ 0.05, Mann-Whitney test; Fig. 6G ) and 4 dpf (control, 106.8 Ϯ 3.9%; HeMO, 95.1 Ϯ 3.7%; p Ͻ 0.01, Mann-Whitney test; Fig. 6G ). Hermes-depleted embryos also show a reduction of transient filopodia that is significant at 3 dpf but not at 4 dpf (Fig. 6H) . Interestingly, there was no difference in the percentage of retracted branches (Fig. 6A-DЈ,F) so an RGC axonal branch once formed in a Hermes morphant RGC has the same chance of surviving for 30 min as a branch from a control RGC. These results suggest that branch initiation and formation is reduced by Hermes depletion, but branch stability is not.
Synaptic density is increased in Hermes-depleted embryos
Synapse formation and arborization occur during the same developmental time frame (Alsina et al., 2001; Meyer and Smith, 2006) , and many branch-regulating molecules, such as Netrin-1, BDNF, and Slit-1, also have an effect on synaptogenesis (Campbell et al., 2007; Marshak et al., 2007; Marler et al., 2008; Manitt et al., 2009) , suggesting that the two processes are linked. Therefore, we next investigated whether Hermes depletion also affects synapse formation. To visualize putative synapses, we used a syn-RFP construct that labels presynaptic terminals (Meyer and Smith, 2006) , together with atoh7:GAPGFP to visualize single arbors (Fig. 7A-BЈ) . At 4 dpf, the syn-RFP signal was present as fluorescent puncta in CoMO-loaded axons at a density similar to that described previously (Fig. 7A ,AЈ,C) (Meyer and Smith, 2006) . In contrast, at 4 dpf in HeMO-loaded axons, when the reduction in branch number is most apparent, the density of syn-RFP puncta per unit length of axon terminal was significantly higher than in controls (control, 0.33 Ϯ 0.02/m; HeMO, 0.38 Ϯ 0.02/m; p Ͻ 0.05, Mann-Whitney test; Fig. 7C ).
The inverse relationship between punctum density and arbor size seen above might suggest that the RGC has some kind of homeostatic control over the total number of synapses it is forming. We therefore counted that total number of syn-RFP puncta for each arbor. In line with the above hypothesis, we found that there was no significant difference between Hermes-depleted and control axons (control, 27.94 Ϯ 2.447; HeMO, 27.09 Ϯ 2.562; not significant, Figure 7 . Hermes depletion causes an increase in synaptic punctum density. A-B, Retinal axon terminals expressing GFP (green) and synaptophysin (red; syn-RFP) in the zebrafish tectum at 4 dpf. HeMO-or CoMO-injected embryos were coinjected with eGFP and syn-RFP, and the number of syn-RFP puncta was counted. C, D, HeMO-injected embryos showed a significant increase in density of synaptic puncta (puncta per square micrometer) (C), but no difference in the total amount of puncta (D). Error bars represent SEM. *p Ͻ 0.05, Mann-Whitney test. E, F, Examining the correlation between punctum density and total arbor length revealed a significant inverse correlation in both control-(E) and r ϭ Ϫ0.65, p Ͻ 0.0001 (CoMO) Mann-Whitney test; Fig. 7D ). Thus, despite being smaller, Hermesdepleted axon arbors still contain the normal number of syn-RFP puncta.
If this inverse correlation is indicative of a homeostatic regulation of total synapse formation, it should be seen not only when comparing Hermes morphant arbors to controls, but also within control and morphant arbors of various sizes. We therefore examined the correlation between arbor size and syn-RFP density at 4 dpf in both control and Hermes-depleted embryos. We found a strong continuous inverse correlation between arbor size and syn-RFP density at 4 dpf (CoMO, r ϭ Ϫ0.65, p Ͻ 0.0001; Fig. 8E ; HeMO, r ϭ Ϫ0.40, p Ͻ 0.02; Fig. 8F ).
Hermes knockdown leads to enhanced early visual behavior
We next asked what effect the changes in synaptic density and arbor size might have on visual behavior by testing the response of control and Hermes morphant embryos in an OMR assay. Zebrafish embryos were placed in a rectangular transparent tank on a computer monitor and subjected to a 30 s duration stimulus of black/white stripe grating motions (Fig. 8A) . Zebrafish larvae normally follow the direction of the moving stripes and accumulate at one end (target zone) of the tank. A positive response was scored for each fish within the target zone at the end of the stimuli, with the random chance value of occupying the target zone being 20% (Fig. 8A) . WT fish start responding to this assay at 4 dpf, and by 5 dpf, Ͼ60% of WT embryos accumulate in the target area after a 30 s grating stimulus (Fig. 8B) . There is no such accumulation when lakritz mutants lacking RGCs are used, or when a static rather than a moving grating is shown to WT fish (Fig. 8B) . Surprisingly, when Hermes-depleted embryos were tested at 4 dpf, they showed a significantly stronger visual response compared to control-injected embryos (control, 31.06 Ϯ 2.99%; HeMO, 49.46 Ϯ 3.31%; p Ͻ 0.001, Student's t test; Fig.   8C ). At 5 dpf, when the visual field was more fully formed, Hermes-depleted embryos responded at a similar level as control embryos (control, 52.57 Ϯ 5.47%; HeMO, 51.84 Ϯ 4.08%; p Ͼ 0.05, Student's t test; Fig. 8C ). These data suggest that the increased synaptic density seen in Hermes morphant zebrafish at 4 dpf is functional.
Discussion
The role of the RNA-binding protein Hermes was investigated during retinotectal development in Xenopus and zebrafish embryos. In both vertebrate species, we found Hermes-positive granules in the axons of maturing RGCs. Hermes (RPBMS and RBPMS2) shows a similar pattern of expression specific to the RGC layer of rats and mice (www.genepaint.org) (Piri et al., 2006; Kwong et al., 2010) , indicative of a high degree of evolutionary conservation. Indeed, our functional studies show that knocking down Hermes produces a strikingly similar RGC axon arbor phenotype in two species that diverged Ͼ350 million years ago.
How Hermes is transported along axons to the growth cone is currently not known. As Hermes forms mRNP complexes with mRNAs (Gerber et al., 2002; Song et al., 2007) , one possibility is that Hermes mRNP complexes are transported to growth cones via motor proteins traveling along microtubules in the RGC axon. The design of the dominant-negative Hermes RRM construct was optimized to retain RNA-binding activity of the RRM domain, while abrogating any protein functionality localized to the truncated C-terminal region. RRM overexpression experiments revealed that Hermes RRM is still trafficked to the growth cone but is no longer localized in granular structures, and the subsequent RGC arbor phenotype is similar to that of the Hermes MO-induced knockdown. Further studies are necessary to understand how Hermes binds to granules, how it is transported, and how it delivers its presently unknown mRNA cargo for translation.
How does Hermes regulate branch formation? Analyses of time-lapse movies of Hermes-depleted single axons showed a significant reduction of transient filopodia in 3 dpf axons followed by a significant reduction of branch addition at 4 dpf, with no difference in branch retraction. This sequence of events is consistent with previous work on RGC arbor formation showing that it is often preceded by the formation of transient filopodia (Alsina et al., 2001; Meyer and Smith, 2006; Ruthazer et al., 2006; Campbell et al., 2007; Ben Fredj et al., 2010) . Other RBPs, such as ZBP1, have been shown to regulate dendritic arborization by regulating translation of its target mRNA, ␤-actin (Perycz et al., 2011) . Furthermore, axonal translation of cytoskeletal components promotes filopodia and branch formation in sensory axons (Spillane et al., 2012) .
As branching and synapse formation could be linked, we investigated the effect of reducing Hermes levels on synapse formation. Our data indicate that loss of Hermes function leads to an increase in synaptic density per unit length of axon. However, since arbor size is reduced to the same extent as synaptic density is increased, the total number of synaptic puncta per arbor is unchanged in Hermes morphants. This suggests the possibility of homeostatic regulation of some kind, an idea that is supported by our finding that in both control injected and Hermes morphant fish, there is a significant inverse correlation between synaptic density and arbor size at 4 dpf. Homeostasis of synaptic input is an important mechanism to maintain a stable function of neuronal circuits in response to changes in activity and has been reported to play a role in the development of the visual system (Shah and Crair, 2008) . For example, mice lacking spontaneous retinal waves during development have larger receptor fields than WT mice, but still maintain the same amount of total visual response (Chandrasekaran et al., 2007) . Homeostasis is often regulated by a change in synaptic strength that can occur either on the presynaptic or postsynaptic site, but changes in synaptic number have also been reported (Kirov et al., 2004; Wierenga et al., 2006; Han and Stevens, 2009) .
In light of these findings, how are we to interpret the Hermes morphant data? The existence of a homeostatic mechanism does not suggest a direction of causality. Thus, Hermes' main effect may be on branch formation, and the density of synapses changes in response. But it seems equally possible that the increased synaptic density in Hermes morphants results in fewer RGC axonal branches. Indeed, previous work has shown that filopodia formation is suppressed at mature synapses (Meyer and Smith, 2006) , that visual activity can both decrease the number of extending branches while increasing branch retraction (Ruthazer et al., 2006) , and that blocking activity can increase arbor growth (Ben Fredj et al., 2010) . Our surprising finding that the early optomotor response of Hermes morphant zebrafish is actually enhanced compared to control embryos can be used to explain the arbor phenotype according to the homeostatic hypothesis. If Hermes is a negative regulator of synapse formation, the increased neuronal activity from too many synapses being formed too early could lead to the robust early visual behavior observed in the Hermes morphants, as well as the associated reduction in axonal arborization and transient filopodia. Further studies, however, are needed to identify whether synapse formation or axon branching is the primary target of Hermes activity.
In conclusion, we have provided evidence that the function of RNA-binding protein Hermes in RGC axons is associated with arbor and synapse formation. The inverse correlation between arbor size and density of puncta, which is apparent in both Hermes morphants and the control population, means that, independent of arbor size and complexity, there are approximately the same number of synapses per arbor. This suggests that RGCs have a homeostatic mechanism to regulate total synapse number, increasing the density of the forming synapse with decreasing arbor growth and vice versa. It will be of particular interest in the future to identify Hermes-bound mRNAs in RGC axons and to investigate the relevance of these RNAs for various aspects of axonal branching and synapse formation in the tectum.
